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SYSTEMS SIMULATION FOR AN AIRPORT TRAILING 
VORTEX WARNING SYSTEM 

1.  INTRODUCTION 

During recent years ,  there  has been a continuously increasing number 
of reports  [ 1, 2, 3 ,  41 by pilots who have encountered severe turbulence in 
the wake of other aircraft ,  even when their  a i rcraf t  were separated from the 
generating a i rc raf t  by several  miles. There has also been an increase in 
accidents resulting in damage to aircraft  and fatality to passengers that a r e  
attributable to encounters with high-velocity vortices on o r  near the ground. 

The vnrtex prnblems in an airport  terminal area a r e  magnified many 
t imes compared to cross-country operations. There a r e  many more  types of 
a i rc raf t  operations taking place in a much more confined area.  High-velocity 
turbulence near the ground makes landings and takeoffs especially hazardous 
because: (1) the ai rcraf t  a r e  operating a t  low forward speeds resulting in 
slowed a i rc raf t  response which makes it more difficult to recover f rom the 
rolling or  settling motions caused by vortex encounters; (2)  the aircraf t  a r e  
operating near  s ta l l  speeds; (3 )  and, presently, there is no way to detect and 
interpret  these vortex systems. 

Several  investigations have been made to assess the problems associ-  
ated with vortex systems in the terminal area [5 ,  6 (Appendix A ) ,  7, 8, 9,  
10, 11, 12, 131. The present Federal  Aviation Administration ( F A A )  opera- 
tional procedures of providing specified minimum spacing between a i rc raf t  
of different s izes  for the various modes of operation (enroute, landings, and 
takeoffs) have been successful in minimizing accidents from a l l  causes. 

There a r e  two factors that significantly affect the air-traffic control 
problem, especially in the terminal area.  One is that the continual increase 
in a i r  traffic calls for the absolute minimum spacing between aircraft' for both 
landing and takeoff operations in the busier airports.  The other is the coming 
of la rger  jetl iners ( the required mixing of large with small  aircraft)  and the 
supersonic transports.  



It is believed that thc spacing between aircraf t  could be decreased in 
the terminal area (on takeolfs and landings), thus increasing the flow of 
traffic, if accurate information were available a s  to the presence, location, 
and intensity of turbulence in those areas .  Also, it is believed that such 
information would lead to fewer accidents. 

The laser  doppler techniques developed by MSFC scientists during 
recent years  to  measure airflow about models in wind tunnels and wind veloci- 
t ies in the atmosphere a r e  believed to be directly applicable to  the measure- 
ment of vortex system location, transport ,  velocity, structure,  and decay. 
It is f o r  this reason and the complexity of the associated problem that a total 
systems simulation model was developed and a preliminary system study was 
performed to determine if the laser  doppler technique could be employed in 
an Airport Trailing Vortex Warning System (ATVWS) . 

The same systems simulation model, now developed, could be used to 
evaluate other remote sensors,  provided theoretical, models were available, 
for  potential use in an ATVWS. 

1 1 .  SYSTEMS ENGINEERING APPROACH TO THE PROBLEM 

In considering the problem of defining requirements for  the ATVWS, 
it was considered important to approach it with a normal systems engineering 
approach. Rather than approaching the problem from the viewpoint of some 
type of sensor,  how can we build a system, i t  is more appropriate to take a 
"top down" view. Given the problem of protecting against the hazards of a i r -  
craft  trailing vortices in the airport  terminal a rea ,  what a r e  the specifications 
that should be levied on the system and its subsystems o r  components? 

The systems engineering approach taken for this study i s  a s  follows: 

a. Defining in quantitative t e rms  the need to be met by the system. 

b. Defining cr i ter ia  to  judge the effectiveness of the system. 

c. Defining potential subsystems to be treated a s  candidate solutions. 

f 

d. Modeling the proposed systems. 

e. Conducting simulations with the model. 

2 



f .  Evaluating system performance against the effectiveness cr i ter ia .  

. 
w' 

.' 

g. Selecting the system concept. 

11. Defining the system/subsystem specifications and requirements. 

The advantage of this systems engineering approach is  that by using 
:yxeral-purpose computer simulations (digital and/or analog) , it is possible 
to conceive of a system and to develop its requirements in a systematic and 
rational way with less  cost  before being committed to specific hardware for  the 
system. Obviously, there  a r e  certain assumptions and judgements that must 
be inserted into these simulations before the actual hardware has been built 
and/or combined into a candidate system. However, the care  with which the 
problem is approached can minimize the r i sk  of these uncertainties. 

A s  indicated above, the systems engineering approach involves devel 
opment of a model to test alternatives. The application of this principle to 
the ATVWS problem is illustrated in Figure 1. The overall layout of the 
systems study simulation tool is shown in Figure 2. It was felt that the deve 
opment and integration of a total systems simulation ("top down" approach) 
computer program was essential to provide the systems designer with a way 
to develop proper and realist ic ATVWS requirements to meet the objectives 
of decreasing aircraf t  spacing on takeoff and landing while maintaining proper 
safety. The simulation provides the capability of investigating potential prob- 
lem a r e a s  and determining their  significance a s  related to other a reas  (within 
the limits of the simulation) a t  a fraction of the cost  that would be involved in 
hardware only tests. 

By employing the systems simulation tools, a number of candidate 
systems can be tested and traded off in a relatively short  period of time. 
Significant insight can also be  developed into just what factors a r e  important, 
what is the sensitivity to subsystem characterist ics,  and what is the effect 
of parameter  variations on the effectiveness and capability of the overall 
system. This would allow more time for  additional conventional tests with 
hardware if desired and would a l so  focus on the characterist ics most important 
and crit ical  for which improved test data would be needed. 

The systems study for the ATVWS [141 , which could be used to monitor 
and predict the location, strength, and transport  of a i rcraf t  trailing vortices 
in the airport  terminal a rea ,  has required that the problem be divided into a 
number of smaller  segments. 
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It is believed that by formulating the problem into a limited number of 
separate but interrelated segments, the system simulation has been success- 
fully developed and a meaningful preliminary systems study has been performed. 

I 

This section attempts to provide the blueprint of the systematic approach 
employed in formulating the systems approach and performing this ATVWS 
systems study. - 

The simulation program has been developed in a modular form with the 
idea that when better, more sophisticated component models become available 
and a r e  required, they can be inserted into the system simulation program 
with a minimum of effort. 

f 

Figure 1 is a schematic of the major separate,  but interrelated, 
segments of the ATVWS study and the information, constraints, and require- 
ments flow paths between these segments. 

Figure 2 is  a schematic diagram of the ATVWS system simulation 
computer model and the information flow connecting the separate modules 
which comprise the system. 

The modules employed in this system simulation a r e  presented in 
Section I11 along with their  definition, a detailed description of each module's 
purpose, and how its output is used in subsequent modules a s  well a s  in the 
determination of the design of an ATVWS. 

I I I. SYSTEMS SIMULATION COMPUTER MODEL 

A necessary component of the ATVWS systems study (Fig.  1) con- 
sisted of a system simulation computer model (Fig.  2)  . This simulation was 
developed to  be employed in performing theoretical systems studies to be 
discussed in Section IV. 

The systems simulation computer model is developed in a modular 
form with the idea that when better, more sophisticated component modules 
become available and a r e  required, they can be inserted into the systems 
simulation model with a minimum effort. 

6 



A s  seen from Figurc 2, the systems simulation model consists of seven 
basic modules. Each module generates and shares  information used by other 
niodules in the simulation model a s  dictated by the control module. The control 
module allows spccific parameters  of the total system to be investigated and 
permits their relative degree of dependence on other parameters to be deter-  
mined within the limits of the simulation. 

The modules, their  definitions, a detailed description of each module, 
its purpose, and how its output is used in subsequent modules a s  well a s  in 
the determination of the preliminary system requirements for an ATVWS are 
to be presented in this section. 

A. A i r c ra f t ' s  Vortex Module 

This module of the ov.eral1 ATVWS simulation program is used to 
simulate a i rcraf t  trailing vortices generated by various types of a i rcraf t  
( f rom the Cessna 150 to the C-5A) in the takeoff and landing corr idors .  The 
theoretical model employed in this simulation is presented in Reference i 5  
and describes the vortex velocity flowfield a s  a function of a i rcraf t  parameters.  
This model calculates the tangential, axial, and radial velocities of the vortex 
generated by an aircraf t  as a function of ai rcraf t  weight, a i rcraf t  velocity, 
wing span, atmospheric density, eddy viscosity, radius in the vortex, and 
distance behind the vortex generating a i rc raf t  (age of the vortex). Figure 3 
shows a 747 aircraft 's  vortex tangential velocity profile a s  a function of 
distance behind the generating aircraft  (age) a s  given by Newman's model [ 151 
for  a moderately loaded 747 in the takeoff corridor. 

The tangential velocity of the vortex is given by: 

v .  r Tangential velocity = - d v /Z (visc) 47T ac 

where 

V = [1.0 - exp(-R2)]/R 

1 
2 a c  

R = - radius . 

I' = ( 4  weight of a i rc raf t ) / ( rp  V span)  
ac  

7 
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v = velocity qf the ai rcraf t  (vortex generator) (ft/s) 
ac 

Z - the distance from the vortex generating aircraf t  to the vortex 
velocity calculation point ( f t )  

visc = ccldy viscosity of the turbulent medium (ft2/s) 

p = a i r  density (slug/ft3) 

?7 = circulation strength of the vortex ( ft2/s) 

span = wing span of the aircraf t  generating the vortex (ft) 

radius = the radius in the vortex for which the tangential velocity is 
being calculated (ft) . 

The module also calculates the theoretical axial and radial  velocities of the 
vortex. However, because of the lack of experimental measurements of these 
parameters  and the uncertainty in the validity of the model in predicting these 
parameters ,  their  effects a r e  not included in the analysis of the vortex prob- 
lem. 

The horizontal distance (B) between the centers of the rolled-up 
vortex pair  is given by 

B Z 0.736.b (see Reference 16) 

b = wing span of the vortex generating aircraf t  

(5) 

and is used in this module to initially locate the vortex pair  with respect to 
each other in such a way a s  to  allow the total vortex velocity flowfield to be 
calculated (Fig.  4 ) .  

The vertical movement of the vortex pair  is simulated using the model 
presented by Spreiter and Sacks [ 161 for  self-induced settling of the vortices. 
It is calculated a s  a function of aircraft  weight, a i rcraf t  wing surface a rea ,  
a i rcraf t  wing aspect ratio, a i r  density, and aircraf t  velocity. 

9 
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The vortex settling rate  (VSR) is given by: 

. 
*' 

" 

'* 

where 

weight = weight of the generating aircraf t  

S = surface a rea  of the wings 

AR = aspect ratio of the wings 

p = a i r  density ' 

For most a i rcraf t  in the 250 000- to 600 000-lb category, the settling ra te  
is agproximately 7 ft/s. 

The horizontal movement of the vortex pair is simulated by assuming 
the vortices move with the wind (headwind and crosswind) until they a r e  a 
distance one-fourth the wingspan of their generator a i rcraf t  above the ground. 
This is assumed to  be the point a t  which the vortices encounter ground inter- 
action. A t  that time, the vortices are assumed to pick up horizontal velocities 
( i n  opposite directions) of 5 ft/s caused by ground interaction (Fig. 5 ) .  A t  
altitudes of less than one-fourth wingspan, the horizontal movement of each 
vortex is simulated a s  the resultant velocity of the headwind, crosswind, and 
ground-interaction-induced velocity. 

The output of this module is used in the Airport  Layout Module for 
calculating the vortex velocity flowfield and its movement with respect to the 
airport  runway (takeoff and landing corr idors) .  The velocity flowfield is 
used in the A i rcraf thror tex Interaction Module to simulate a i rcraf t  encounters 
with vortex systems. Theoretically, this allows the relative degree of hazard 
associated with vortex encounters to be determined a s  a function of relative 
a i r c ra f t  sizes,  separation time, relative position on points of encounter, etc. 
It is used in combination with the Airport Layout Module and the Aircraft/  
Vortex Interaction Module to calculate the minimum separation t imes (on 
takeoffs and landings) as a function of ai rcraf t ,  wind condition, etc., f o r  
which safe takeoffs and landings can be executed. It provides the Sensor 
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Simulation Module with a velocity flowfield in the Airport Layout Module. By 
locating the remote sensing systems a t  various locations in the Layout Module, 
the performance (velocity resolution, spatial resolution, and ability to detect 
vortex systems) of various sensor configurations can be investigated. 

B. AircraftlVortex Interaction Module 

The Aircraft/Vortex Interaction Module is the component of the total 
system simulation that provides the theoretical tool for investigating inter- 
actions between aircraf t  of various sizes (Cessna 150 to C-5A) and vortices 
of various aircraf t  ( a s  provided by the Aircraft  Vortex Module). 

The aircraf t  encounters with vortex systems a r e  designed (with the 
aid of the Airport LayQut Module) to  simulate the type encounters one would 
expect to experience in the takeoff and landing corr idors  of busy airports  
[ 17, 18, 19, 201. The module uses strip theory integration across  the wing 
of a n  encountering aircraf t  in the presence of the vortex velocity flowfield 
(provided by the Aircraft  Vortex ivioduie) io caledatz thz peak reE r i t e  and 
sta ll/no-stall condition the encountering aircraf t  theoretically experiences. 

These calculated peak rol l  rates and stall/no-stall conditions a r e  
assumed to  serve  a s  an indicator of the potential hazard that the encountering 
a i r c ra f t  may experience a s  a result  of the vortex flowfield. The theoretical 
model employed for calculation of the peak roll ra tes  assumes straight taper 
wings with no twist, no roll accelerations, and no la teral  control inputs of 
the encountering aircraf t  ( the rolling moment coefficient equal zcro) . 

The methods of calculating the peak roll ra te  and stall/no-stall condition 
of the encountering aircraf t  a t  a given location and time with respect  to a 
vortex system a r e  given in Appendix B. A computer listing of the Aircraft/  
Vortex Interaction Module and examples of the output (including resultant peak 
ro l l  ra te)  for a DC-9 aircraf t  following a 747 aircraf t  in a takeoff and a landing 
operation a r e  a lso given in Appendix B. 

The A ircraft/Vortex Interaction Module calculates the resultant peak 
rol l  ra te  and stall/no-stall condition for encountering a i rc raf t  a s  a function of 
the separation distance between the center of the encountering aircraf t  and 
the center of the vortex system. Figure 6 shows the hazardous roll  ra te  
contours associated with a DC-9 encounter of a 747 vortex system. 

13 
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The trajectories of a i rc raf t  on takeoff and landing a s  simulated in the 
Airport Layout Module give the initial location of the vortex flowfield. The 
Aircraft  Vortex Module allows the position and intensity of the vortex flowfield 
to be calculated a s  a function of time and position. This allows the relative 
positions of vortex velocity flowfields and encountering aircraf t  to be calculated 
a s  a function of time, wind conditions, aircraft ,  and aircraft/vortex geometry. 
I t  is assumed that the aircraf t  velocity (encountering aircraft)  along its flight 
path ( the flight paths, liftoff points, touchdown points of a i rcraf t  a r e  variable) 
is constant, V and that the tangential component of the vortex velocity, ac  ' 

i s  perpendicular to the encountering a i rc raf t ' s  flight path. This intro- vvv ' 
duces some e r r o r  into the modules output if the axis of the vortex system is 
not parallel to the flight trajectory of the encountering aircraft .  F o r  cases  
where the angular difference is less than 10  deg, the e r r o r  is less than 1.5 
percent. 

This module, using the theory presented in Appendix B, is used to 
evaluate the degree of hazard (peak rol l  ra te  and stall) associated with vortex 
systems 01 various geiie-i-aiiiig aircraft 2s a f.iinctioii of eficoufitcri~ig aircraft, 
separation t ime, relative positions, etc. From this module, the parameters  
of a vortex systems that best correlate with a hazard to an encountering air-  
c ra f t  can theoretically be determined. Indications a s  to the parameters  that 
a remote sensing system must monitor a r e  provided by studies from this 
module. 

C. Airport Layout Module 

The Airport  Layout Module provides the simulation with a reference 
coordinate system in which aircraft  trajectories,  vortices, vortex encounters, 
vortex sensor locations, runway, takeoffhanding corr idors ,  and atmospheric 
winds a r e  defined. In this module, the vortex-generating and vortex- 
encountering aircraf t  trajectories are computed a s  a function of liftoff point/ 
touchdown point, flight path angles, a i rcraf t  velocities, and time. 

The wind conditions (crosswind and headwind) a r e  input with respect 
to the runway in this module. This, in conjunction with the Aircraft  Vortex 
Module, allows vortex transport  to be simulated with time. 

The Airport  Layout Module's coordinate system (Fig.  7) is defined a s  
a right-hand orthogonal coordinate system in which the positive Z axis points 
along the runway in the direction of takeoffs and landings. The Y axis is 
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defined a s  vertical and perpendicular to the Z axis. The X axis completes a 
right-hand system and i s  in the horizontal plane. The origin of the coordinate 
system is defined a s  the center of the runway a t  the landing end. 

Vertical scan planes along the runway/takeoff-landing corr idors  a r e  
employed to reduce the data required to describe the activities in the airport  
area.  These vertical  scan planes are  chosen by input controls and a r e  used 
to s tore  the aircraf t  penetration points and vortex velocity flowfield a s  a func- 
tion of time, wind condition, flight path angle, a i rcraf t  type, etc. 

The position of the encountering aircraf t  with respect to the vortex 
velocity flowfield is calculated in each scan plane. (Any arbi t rary number of 
scan planes can be employed for any given simulation. There is an increase 
in simulation run t ime associated with each increase in number of scan planes.) 
Using the Aircraft/Vortex Interaction Module, the peak roll ra te  and stall/ 
no-stall conditions a r e  calculated a s  a function of ai rcraf t  separation time/ 
distance, scan plane location, aircraft s izes ,  and time. 

F o r  caicuiation or' iiie vortex velocity f'row-fieki iii the vertiza! SGE 

plane a s  a function of time, the headwind/crosswind magnitude and the vortex 
settling ra tes  a r e  considered. 

The horizontal transport  of the vortex system is assumed to be equal 
to the crosswind (except when in ground interaction a s  described in Section 
111. A )  . 

The vertical  transport  of the vortex system is also described in 
Section 1II.A; however, the effective vertical  transport  of the vortex system 
in a vertical scan plane is described in the following paragraph. 

F rom the Aircraft  Vortex Module, the vortex settling ra te  (VSR) is 
given by equation (6 )  . The vertical  movement of the vortex system in the 
vertical  scan plane is a function of not only the generating aircraft ,  but a lso 
the aircraft 's  flight path angle and the magnitude of the headwind. Figure 8 
shows the effective settling ra te  (ESR) of a vortex system in a vertical  plane 
a s  a function of headwind (HW) and flight path angle (FPA) for  VSR = 7 ft /sec 

ESR = VSR - [(HW) TAN (FPA)] . ( 7 )  

17 
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The resultant of the horizontal and vertical movement of the vortex sysleiii in  
the vertical scan plane gives the total transport  of the vortex system a s  a 
function of time. 

The choice of the number of scan planes and their location may be 
influenced by requirements for remote sensing of the vortex velocity flowfield 
and rcquircments in determining hazardous roll-rate contours and stall /  
no-stall conditions. The vertical scan planes of the Airport Layout Module 
offer a vortex vclocity flowfield for  the Sensor Simulation Module to use  in 
determining the theoretical performance of Laser  Doppler Velocimeter ( LDV) 
models a t  various locations along the runway/takeoff-landing corridors.  

This module of the System Simulation Model presently accommodates 
one runway - two aircraf t  for any given period of time (one vortex-generating 
a i rc raf t  and one vortex-encountering aircraf t ) .  I t  approximates the aircraft 's  
climbout/landing trajectory along a straight flight path, and it assumes the 
a i rc raf t  wings a r e  parallel to the ground during takeoff/landing operations 
(no  banks a r e  simulated). The vortex pair  is initially located with respect 
A -  L U  A'-- Lllt: g;t;11r;*atv* ------ -- .-:---nf+'o c l I I C , l . U l C  0 t - - n i n n t n r x r  C L U J U b ' Y V L J  a c  U" decpyihrrl  - - Y v z - - - -  i~ _Appendix R. 

By using this module, theoretically safe separation times/distances 
between aircraf t  of various sizes,  flight geometries, and wind conditions can 
be investigated and determined. Also, various configurations and locations 
of remote sensing systems (such a s  a Laser  Doppler Velocimetcr) can be 
investigated to determine their  relative performance in detecting and identifying 
a reas  of potential hazard to encountering aircraft. 

D. Sensor Simulation Module 

The LDV Sensor Simulation Module was developed by the Lockheed 
Missile and Space Company (LMSC), Huntsville, Alabama. The development 
of this module was completed under NASA Contract NAS8-26668, "Conceptual 
Design Study of Laser  Doppler Systems for  Monitoring Aircraft  Trailing 
Vortices in the Terminal Area." After LMSC's completion of this module in 
April 1972, it was incorporated into the Total System Simulation Model. 
module has been used to evaluate the different LDV system design abilities 
for detecting and monitoring aircraft  trailing vortices in the runway/takeoff- 
landing corr idors .  

This 

A detailed description of this simulation module is given in Appendix C 
and with modifications in Reference 21. 
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'l'he simulation includes the location of various LDV systems in various 
scan plancs along the corridors of interest. The effectiveness of each system 
is cvaluatetl ;IS a function of its design, location, spatial resolution, velocity 
resolution, range capability, and angle of observation with respect to the 
vortclx velocity flowfield. 

The LDV system designs that a r e  simulated by this module a r e  the 
pulsed-unfocused system, the continuous-wattage bistatic system, the 
continuous-wattage coxial focused system, and a theoretically perfect velocity 
detection system on which to judge the absolute performance of the LDV 
system s . 

The pulsed-unfocused LDV system simulated in this module is a 
theoretical model of the MSFC-developed Clear Air  Turbulence (CAT) 
detection system [221 that has just finished the first series of flight tests out 
of the Aines Research Center on the NASA Convair 990 research aircraft. 
The velocity and spatial resolution of this system is given by the following 
equations: 

c t  A R  = - 
2 

where 

AV = velocity resolution 

A R  = spatial resolution along the line of sight of the LDV system 

h = wavelength of the transmitted radiation 

c = speed of light 

t = pulse length (t ime) of the transmitted radiation. 
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The continuous wattage bistatic and coaxial LDV systems simulated 
in this nioclulc a r e  theoretical models of existing systems that have been 
dcvcloped and a r e  being tested a t  MSFC [ 2 3 ,  24, 251. Figure 9 gives the 
theoretical range resolutions versus range for various bistatic and coaxial 
LDV systems operating with a CO, laser (10.6 p radiation). 

An operational LDV system does not make point measurements of the 
velocity flowfield. It effectively samples a finite volume of space along i ts  
line of sight and consequently observes a variety of velocities depending on 
the inhomogenuity of the flowfield. The reflected signal is the strongest from 
the focal point orcenter  of the pulse of the transmitted radiation and decreases  
a s  the distance of thc elemental volume considered increases from the center 
of the focus or  center of the transmitted pulse. The way this signal decreases 
re la tes  to the systems design, optics diameters,  range, and wavelength of the 
transmitted radiation, and determines the velocity resolution and spatial 
resolution of the candidate system. A discussion of the s ignal-weighting 
functions used in this module fo r  simulating the various LDV system designs 
i s  given in Appendix C. 

The theoretically perfect velocity detection system simulated in this 
module assumes the tangential line-of-sight velocity a t  the focal point/center 
of the transmitted radiation, with no weighting factor (assumes  perfect spatial 
resolution and velocity resolution) is the velocity detected by this system. 

This module simulates observations that a r e  made by one LDV system 
(one-dimensional information). Other simulations (not total system simu- 
lations) have been performed using two and three sensor systems per  scan 
plane (two- and three-dimensional information, respectively) . Briefly, the 
two- and three-dimensional LDV systems simulations indicate that they offer 
better velocity and spatial resolution with longer range capabilities. This is 
offered a t  the expense of increasing the number of sensors  required to monitor 
an airport  terminal area.  The present Sensor Simulation Module would require 
considerable modification for  the two- and three-dimensional simulations to  
be incorporated into the Total Systems Simulation Model. 

This module has been used to determine the feasibility of employing 
a LDV system in an ATVWS for the purpose of monitoring aircraf t  trailing 
vortices. In conjunction with the Aircraft Vortex Module, the Aircraft/Vortex 
Interaction Module, and the Airport Layout Module, this module has been 
used to perform tradeoffs between the LDV system design, LDV system 
locations, number of sensors  required, and performance of the sensors  in  
detecting vortices in the corr idors  of interest. The resul t  of these studies 
will be given in Section IV. 
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E. In fo rmat ion  Processor and Display Module 

. 

The Information Processor  and Display Module was developed by 
LMSC, Iluntsvillc, under NASA Contract NAS8-26668, "Conceptual Design 
Study of Laser  Doppler Systems f o r  Monitoring Aircraft Trailing Vortices in 
the Terminal A rea.  " 

In conjunction with the Sensor Simulation Module, LMSC developed 
this module for the purpose of investigating (through simulation) various types 
of information processing for the sensors  and t o  allow the processed infor- 
mation to be displayed a s  printout and SC4020 plots from the computer. 

The information processing for this module is described in Appendix C 
and consists of (1) computing the line-of-sight velocity at  the point of interest  
(focal point of the LDV system),  ( 2 )  computing the maximum and minimum 
line-of-sight velocities in the focal volume of the simulated LDV system, 
( 3 )  computing the centroid of velocity for the focal volume of the simulated 
LDV system, and (4 )  computing the absolute maximum line-of-sight velocity. 

This module is designed to permit any or  a l l  of this information to be 
displayed a s  a function of sensor scan angle (azimuth o r  elevation) , range, 
o r  through connections with other system modules a s  a function of any other 
system parameter.  

The output from this module has made visual evaluations of the different 
LDV system's outputs in various simulated operating simulations easier .  It 
has a lso served to indicate the type of information displays that will potentially 
be required of an  ATVWS. 

The flow chart  for the Information Processor  and Display Module 
i s  shown in Figure C-3 of Appendix C .  It is accented and enclosed by the 
dashed line. 

F. Air Traff ic Flow Module 

The A i r  Traffic Flow Module is designed to simulate the a i r  traffic 
flow that is typical of today's busy airports on one runway. It allows specific 
investigations to be performed relating to the safety o r  hazard associated with 
sequence landings o r  takeoffs between aircraf t  of different sizes. 
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The aircraf t  that a r e  presently used in this simulation module include 
the Boeing 747, 707, 727, the Lockheed C-5A, the Douglas DC-10, DC-9, 
DC-3, the Queen A i r  60, the J e t  Commander 1121, and the Cessna 150 [as, 
271. This module chooses thc separation t imes between aircraf t  on takeoffs 
or  landings for various flight geometries and automatically increases the 
separation time in increments of 5 s until a sa fe  flight operation i s  simulated. 
A safe  flight operation i s  defined a s  a takeoff o r  landing for  which the encounter- 
ing aircraf t ' s  roll-rate limit is not exceeded and the a i rc raf t  does not experi- 
ence a stall condition a s  defined in Appendix B. The roll-rate limit/capability 
( RRLIM) of the encountering a i rc raf t  is calculated a s  a function of a i rcraf t  
parameters a s  follows: 

RRLIM = [ O .  14 V /bl - 57.29 (deg/ s )  . ( 8 )  ac 

See Reference 28 for further discussions on a i rc raf t  design of its minimum 
rolling power. 

G. Control Module 

The Control Module is designed to permit specialized investigations 
to be performed employing individual modules of the Total System Simulation 
Model. 

The Control Module is an assemblage of several  computer subroutines 
including the main subroutine, the input subroutine, the parameter standard- 
ization subroutine, and the printout subroutine. 

The Control Module calculates and compares the maximum controllable 
rol l  ra te  of given aircraft  with the peak ro l l  ra te  induced on the encountering 
aircraf t  by the vortex systems. If the induced rol l  ra te  is grea te r  than the 
aircraft 's  controllable roll  rate,  then the situation is termed hazardous. 
Also, the Control Module calculates and compares the angle of attack of the 
total wing with the stall angle of attack for aircraft .  If the s ta l l  angle is 
equalled or  surpassed, then a stall  type 1 situation exists. If the angle of 
attack of the wing is decreased significantly, pot'entially causing the aircraf t  
to climb out on takeoff o r  to land prematurely, the situation is termed a s ta l l  
type 2. 
time between a i r  operation is step wise increased until the operation is safe. 

This has been discussed in Appendix B. In either case,  the separation 
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Through the Control Module, the choices for  takeoff or landing simu- 
lation, a i rcraf t  types , flight geometries, wind conditions, scan plane locations, 
sensor  design, sensor location, data processing, and display a r e  made. These 
choices a r e  made through input flags and parameter values. 

Through the Control Module, it is possible not only to simulate the 
total  systems, but it i s  also possible to investigate the relative significance 
of various systems parameters  to other system parameters.  This aspect of 
the Control Module allows specific studies or  tradeoffs to  be performed in 
much less  computer time than would ordinarily be required using the total 
system simulation. These, in  turn, can be used to influence the type of total 
system simulation investigations and the design of flight test. 

Discussions of these system studies and their  significance will be 
given in Section IV. 

IV. SYSTEM STUDIES 

This section attempts to describe system studies that have been 
performed with the Total System Simulation Model and gives the resul ts  of 
these studies. This section is not meant to represent a complete system study, 
but only a preliminary systems study which gives preliminary results. Ideally, 
this section is expected t o  answer some of the systems engineering questions 
relating to an ATVWS and to exemplify the contributions that the Total System 
Simulation Model can make toward its design. 

The system studies were started with the completion of the Aircraft  
Vortex Module and continued through the completion of the las t  module 
(Control Module) . It  is believed tha t  the studies performed with the individual 
modules not only gave valuable information to  assist in the ATVWS design but 
a lso gave a better understanding of how these modules should be integrated 
to form the Total System Simulation Model. 

Given the purpose of an ATVWS, the system studies that have been 
performed were designed to determine: (1) the requirements of an  ATVWS 
(the cr i ter ia  by which potential ATVWS a r e  to  be evaluated) ; ( 2 )  the feasibility 
of employing LDV'S in a n  ATVWS, and ( 3 )  a possible design of an ATVWS. 

The assumed purpose of the ATVWS is to increase the efficiency of an 
airport  by increasing the air-traffic flow in its runway takeoff-and-landing 
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corridors while maintaining or  increasing the air-traffic safety factor in the 
terminal area.  The safety factor f o r  a i r  operation i s  discussed in Appendix A .  

There appears to be one obvious way of accomplishing this goal; i. e. ,  
design an aircraf t  wing that will induce a very rapid decay o r  breakup of its 
vortex system ( 3 0  to 60  s l ifetime).  While research toward this end is being 
pursued a t  other NASA centers,  it appears that with its success  there  would 
be a number of years  required to get the wing design on a l l  operating a i rc raf t  
requiring such a wing. Thus, the following system studies and potential 
design of an  ATVWS will be presented in the following paragraphs. 

The first study was to  determine the s ize  and persistence of the object 
causing the difficulties ( aircraf t  vortices) . From experimental observations, 
it was ascertained that the vortex model presented by Newman [ 151 represented 
a reasonable approximation of the vortex's tangential velocity a s  a function of 
the aircraft  parameters  and time (Fig.  3) and the vortex s ize  a s  a function of 
t ime under calm, stable atmospheric condition. Experimental observations 
from various flight tes t  [291 indicate that the lifetime and decay of the vortex 
system is very much dependent on the wind and other atmospheric conditions. 
Reference 16 gives the separation between vortex centers a s  a function of a i r -  
craft  w'ingspan. F rom this, the s ize  of various vortex systems can be approxi- 
mated a s  a function of time. Figure 1 0  gives the theoretical s izes  of the vortex 
systems for heavy a i rc raf t  (C-5A-747 types) and for  light a i rcraf t  (707 and 
727 types) a t  30 to 60 s after vortex generation under calm wind conditions 
and above the ground interaction level. This represents the time period for  
which the vortex system must be monitored and indicates typical s izes  of 
vortex systems which must be detected. 

The t ime period that the vortex system must be monitored is dictated 
by the purpose of the ATVWS; i. e. ,  an increase in the air-traffic flow in the 
runway takeoff-and-landing corr idors  requires a decrease in the separation 
t ime between aircraf t  on takeoff o r  landing. The presently required FAA 
separation t imes a r e  a s  follows: 

a.  Heavy aircraf t  followed by light a i rcraf t  - takeoff minimum 
separation is 2 min, and landing minimum separation is 5 miles  ( N 100 s )  

b. Light a i rcraf t  followed by light a i rcraf t  - takeoff or  landing 
minimum separation is 3 miles ( N 60 s )  . 
This means that an  ATVWS must be able to make a decision for a safe a i r  
operation in a significantly l e s s  time than is presently required (60 to 120 s) 
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s after generation. 
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o r  with a significantly greater  understanding of the potential hazards involved. 
However, it must be remembered that a monitoring system (ATVWS) cannot 
guarantee a decrease in the separation time. It should guarantee the minimum 
separation time for  the particular weather condition and aircraf t  involved that 
will maintain the required safety factor for  the a i r  operation. 

The parameter that separates the vortex system from the rest of the 
atmosphere and thus reveals its location is its velocity flowfield and most 
likely its tangential velocity component (unless future experiments increase 
the knowledge of the vortices' axial velocity component to the extent that it 
proves to be the better informer) o r  perturbations caused by its tangential 
velocity. 

Another question that must be answered is, "What parameter of the 
vortex system best  correlates  with the potential hazard it represents to an 
encountering aircraft?" In an attempt to  answer this question, several  studies 
employing the simulation model were performed. 

This is an example of the system simulations advantage over conven- 
tional testing methods. Not only is the simulation faster  and less  expensive, 
but it is also safer from the pilots point of view in that it will a t  least  resul t  
in fewer required flight tests. 

The simulation first studied the situation where the aircraf t  encountered 
a vortex system parallel  to and in the center of one of the vortices f rom the 
leading aircraft. Figure 11 contains the resul ts  of these studies with DC-9, 
707, and 747 aircraf t  encountering a vortex generated by a 747 aircraft .  In 
this study, the peak rol l  ra te  of the encountering aircraf t  is calculated with 
the assumption that there  a r e  no roll  accelerations and no la teral  control 
inputs of the encountering aircraft .  Here, the peak rol l  ra te  is considered 
to  serve  a s  an  indicator of the relative magnitude of the hazard associated 
with a given vortex system. F rom this study, it can be seen that the peak 
ro l l  ra te  of the encountering aircraf t  is more  dependent on its relative s ize  
to the vortex generating aircraf t  than on age of the vortex when encountered. 
The solid lines in  Figure 11 represent the theoretically expected peak rol l  
ra tes ,  with no wind and constant circulation of the vortex, a s  a function of 
peak tangential velocity in the vortex, which is a function of time. 
maximum vortex lifetime of 180 s is taken from Reference 7 .  It is known that 
there  a r e  exceptions to  this maximum lifetime depending on atmospheric 
conditions. 
reasonable approximation to the aircraft  peak ro l l  ra tes  a s  the tangential 
velocity of the vortex decreases  to  zero and the vortice's circulation decreases.  

The 

The dashed lines in Figure 11 represent what is thought to be a 
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Figure 11. 747 -generated vortices encouiitei.ed by 
DC-9, 707, and 747 aircraft ( the aircraft  a r e  

simulating center of vortex encounters) . 
F r o m  the results of the preceding study, another study was suggested. 

The objective of this study was to determine the encountering aircraft 's peak 
roll  ra te  a s  a function of relative circulation strength [equation (4) 1 of the 
generating aircraft. The results of this study a r e  presented in Figure 12. 
In Figure 12, it can be seen that the peak roll  ra te  of an encountering DC-9 
in the wake of a 747 may be a s  high a s  100 deg/s, whereas its roll  ra te  in 
the wake of another DC-9 is never greater than approximately 25 deg/s. It 
is also noted that one 747 following another 747 will theoretically experience 
peak roll  ra tes  of - 20 deg/s. This limited study implies that the relative 
circulation strength (circulation strength of the generator aircraft/circulation 
strength of the encounter aircraft  - l?g/I'e) is an indicator of the potential 
hazard that an aircraft  may experience when encountering a vortex system. 
F o r  ( r g / r e )  2 1.2, the potentia1 hazard is greater  than for ( r g / r e ) <  1.2 
and, from the Simulation Model, it appears this is t rue in most cases  for 
separation t imes a s  great a s  the present FAA -required separations. 

This being the case and realizing that present F A A  separation standards 
were  providing an acceptable safety for today's a i r  operation, the question 
a r i ses ,  "What makes it safe ?" 
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Figure 12.  Peak roll ra tes  of encounter a i rcraf t  a s  a function of 
generator a i rcraf t  and peak tangential vortex velocity 

(a i rc raf t  simulating center of vortex encounters) . 
The system simulation was used to simulate a C-5A and DC-9 a i rc raf t  

in sequence on a typical takeoff pattern. The initial separation time was 
taken to be 30 s (Fig.  13). The crosswind was assumed to be 3 ft/s with no 
headwind. The climbout velocities of the C-5A and DC-9 were assumed to be 
236 and 243 ft/s, respectively. Assumed flight path angles were 10 and 8 
deg, respectively, while the liftoff point for  the C-5A was 6400 f t  down the 
runway and 6500 f t  for  the DC-9. 

With the 3 C  s separation, the DC-9 experienced a peak roll  ra te  of 
grea te r  than 100 deg/s at  a n  altitude of N 700 and 1000 f t  past  the end of a 
10 000-ft runway. The peak tangential velocity of the vortex system a t  that 
time was 
mentally increased to a separation t ime of 45 s a t  which the DC-9 was able to  
depart  from the terminal a rea  without experiencing a rol l  ra te  greater  than 
its roll-rate limit capability [equation (8) 1. Yet,  a t  this time, the peak 
tangential velocity of the vortex system was still a t  a potentially dangerous 
level of - 103 ft/s. 

126 ft/s. The separation time between the two aircraf t  was incre- 

This indicated an answer to the question. Upon observation of the 
relative locations of the vortex system and the encountering aircraft ,  it was 
found that the vortex system had settled to  an  altitude such that for  a 45 s 
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separation, the encountering a i rc rzf t  did not fly within some hazard distance 
(Appendis B) of it. It appears that f o r  the tinieframe dictated by the situation 
( l e s s  than 120 s) , the location of the aircraf t  with respect  to the vortex system 
is the most important parameter in determining the potential hazard to the 
encountering aircraft .  This called for a specialized study between several  
a i rcraf t  to dcterminc the hazard distance associated with a given vortex system 
and an encountering aircraft .  Studies were performed with the System Simu- 
lation Model to determine the hazard radii associated with a DC-9 and 707 
aircraf t  encountering the vortex system generated by a 747 (Figs .  6 and 14 ,  
respectively). It i s  a lso noted from the simulation that the a reas  of stall  for 
encountering aircraf t  ( a s  defined in Appendix B) a r e  located inside the hazard 
radii for hazardous roll  ra tes .  The resul ts  of these specialized studies indicate 
that the hazard radius for a DC-9 encounter with 747 generated vortex i s  N 130 
f t  and the hazard radius for the 707 encounter of the 747 vortex is N 150 ft. 
Other such investigations lead to the conclusion that the hazard radius is 
primarily a function of the wingspan of the generating and encountering aircraf t ;  
an example: the hazard radius for  a Lear  J e t  encountering the vortex system 
of a 747 is less than the hazard radius for a DC-9 encounter of a s imilar  vortex 
system. However, the degree of hazard (magnitude of peak roll  rate) is much 
greater  fo r  the Lear  Jet than for the DC-9. 

As a resul t  of the use of the System Simulation Model, the determination 
of hazard radii for  particular aircraft  combinations was possible. F r o m  this 
and the considerations of flight geometry in the Airport  Layout Module, 
assumptions on spatial distributions of a i rcraf t  and vortex systems made it 
possible to extend the system study by performing the probability study given 
in Appendix A .  

From the Airport Layout Module and partial  consideration of the 
situation existing in the runway takeoff-and-landing corr idor ,  it was possible 
to define the a reas  that potentially offer the most information pertaining to 
probable vortex hazards. These a reas  should represent the a reas  to  be 
monitored by the ATVWS's remote sensors.  The a reas  that potentially offer 
the most vortex hazard information a r e  determined a s  follows: On departing, 
the aircraft  is cleared for takeoff, begins its ground rol l  ( f rom velocity zero  
to velocity lift-off), lifts off, and climbs out a t  some flight path angle. The 
next a i r  operation on that runway is determined by the previously mentioned 
FAA-required separation t imes (dependent on aircraf t  size) of from 60 to 
120 s. If the ATVWS is to be an active measurement system, it must make 
a measurement and judgment or  prediction of the generated vortex systems 
location and hazard before the next a i rc raf t  is cleared for  takeoff. F rom the 
t ime considerations of the situation, this necessitates a measurement of the 
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vortcs system a t  some time l e s s  than 60  s ( i n  some cases)  from the time the 
vortex gcnerating aircraf t  began its ground roll ;  i. e . ,  the ATVWS must be a 
combination measurement-predictive system to be able to satisfy the require- 
ment of increasing air-traffic flow in the takeoff and landing corr idors .  A s  
seen in Figures 15 and 16, monitoring the vortex systems until they a r e  c lear  
of the areas of concern before releasing o r  clearing the next a i rcraf t  for  take- 
off or landing can require separation t imes greater  than today's requirements. 
The scan planc a rea  must permit penetration of a l l  a i rcraf t  vortex systems on 
takcoff. T h i s  means the scan plane a rea  must be  located past  the takeoff end 
of the runway. F o r  unbiased vortex transport  information, the vortices should 
be observed a t  altitudes above ground interaction. These considerations lead 
to the conclusion that a t  least one scan plane for a i rcraf t  on takeoff is required 
and that this scan plane should be located approximately 1000 ft past  the take- 
off end of the runway. If the luxury of several  sensors  can be afforded, then 
the determination of other scan planes for the sensors  is a much-reduced 
problem. The s ize  and location of a possible takeoff scan plane is given in 
Figure 17. 
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Figure 15. Horizontal movement of vortices a s  a 
function of wind velocity, vortex lifetime, 

and time. 
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Figure 16. Horizontal and vertical transport of a vortex 
system a s  a function of crosswind and headwind. 

The arguments for the optimum location of the landing scan plane a r e  
not so concrete a s  those for the takeoff scan plane. It is necessary to choose 
a location f a r  enough from the landing end of the runway to permit measure- 
ments to effect the actions of the following aircraft ,  if necessary. The scan 
plane should be in an area where there is a relatively high probability that the 
aircraf t  will penetrate it and that penetration will permit measurements to be 
made on the vortex system unperturbed by ground interaction. 

A reasonable choice for  this scan plane location is the - 3-mile 
(middle) marker  for the instrument landing system. The size and location 
of this scan plane is given in Figure 17. 

F r o m  the size and location of these sensor scan planes, the range 
requirement of potential sensors can be specified a s  a function of sensor 
location with respect to the scan planes. If the sensors a r e  located a t  the 
center of the scan plane (ground level) , then the range requirements for 
landing and takeoff a r e  N 2700 and - 2500 f t ,  respectively (Fig. 17) to be 
able to monitor all  aircraft. These scan planes were used in Appendix A 
for the probability study. 
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The Aircraft  Vortex Module, the Airport Layout Module, and the 
Control Module make it possible to  simulate the horizontal and vertical 
transport of the vortex system in these scan planes. Figures 5, 8, 15, and 
16 present the transport of vortex systems in these scan planes a s  a function 
of wind conditions and flight path angles. They also give indications a s  to the 
maximum transport and time required for the vortex systems to clear the 
scan planes and thus the corridors of concern. 

F r o m  the Total System Simulation Model and the study developed in 
Appendix A , the preliminary spatial resolution requirements of the vortex 
sensors for takeoffs and for landings can be specified. The spatial resolution 
required of the takeoff scan plane vortex sensor is calculated in Appendix A 
to be - 105 ft. The spatial resolution required of the landing scan plane 
vortex sensor is also calculated in  Appendix A and is estimated to be - 120 ft. 

Also, from Figures A-1 and A-2  of Appendix A ,  the assumed scan 
plane penetration distributions for aircraft on takeoff and landings permit the 
rationale for specifying scan angle requirements for  the remote sensors to  be 
presented. Figures 18 and 19 give the scan angie requirements for the vortex 
sensors in the takeoff and landing plane, respectively. 

Figure 18 indicates that for the assumed scan plane penetration dis- 
tribution and location of a sensor unit a t  ground level in the center of the 
departure corridor a scan angle of 25 deg, either side of the vertical, will 
permit acquisition of a t  least 98.864 percent of a l l  aircraft  penetrations on 
takeoff. The distribution used to determine this scan angle may be in e r ro r ,  
but the rationale for determining the scan angle can be retained for use when 
better distributions a r e  available. 

Figure 19 similarly indicates a scan angle requirement of 75 deg either 
side of the vertical for landings. 

Indications from the system simulations study imply that the sensor 
units will not be required to scan on a continuous basis. Sequences of scans 
will be required to determine vortex location and transport in the scan plane. 
This information can then be used to  predict the earliest  time the area of 
concern will be clear  of the vortex system. Periodic monitoring of the vortex 
system can be employed to upgrade the ATVWS’S predictions. 

The preliminary velocity resolution requirement of the ATVWS’s 
sensor is best stated a s  the resolution that differentiates the vortex system 
from the rest of the atmosphere and allows the spatial resolution requirements 
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to be met. The preliminary conclusions of the study indic$te that a velocity 
resolution of the vortex sensing system of 15 ft/s would be sufficient. This 
conclusion i s  partly based on the resul ts  of simulation studies, indicating that 
vortex velocities that pers is t  for t imes greater  than the present separation 
t imes can be hazardous to encountering aircraf t  and also the fact that the 
vortex system location with respect to the encountering aircraf t ,  not vortex 
tangential velocity, is the better indicator of the potential hazard. 

The Sensor Simulation Module and the Information Processing and 
Display Module indicate that a bistatic-focused LDV configuration can satisfy 
the range, spatial resolution, velocity resolution, and scanning requirements 
(preliminary) of an ATVWS. Early resul ts  from the Information Processing 
and Display Module indicate that the average weighted tangential velocity will 
be sufficient to specify the location of the vortex system in the scan plane. 
Tracking of the vortex system will give the vortex transport  which may require  
10 to 20 s of tracking data depending on wind condition and vortex settling 
rates.  

The information processor  should process the vortex weighted velocity, 
vortex,  system position, vortex system transport ,  and, possibly, vortex life- 
time, and predict the t ime required for the vortex system to clear  the corr idor  
of concern with the prevailing atmospheric conditions. 

The Data Display can potentially be a s  simple a s  indicating the t ime 
of takeoff for the next departing aircraf t  o r  confirming the required time 
separation between the next landing aircraft .  

From the Total System Simulation, it appears that for best  resul ts  
with a single, one-dimensional sensor system, the best  sensor placement will 
allow scanning in  a plane approximately perpendicular to the axis of the vortex 
systems;  i. e., approximately perpendicular to the aircraf t  flight path angle. 
This will permit better line-of-sight detection of the vortices' tangential 
velocities and will resul t  in eas ie r  vortex acquisition and tracking. 

The requirements of an ATVWS can ideally be more easily met with 
two- and three-dimensional LDV systems; however, there  would naturally 
be  more  operational difficulties and more maintenance associated with more 
sensors  . 

The summary of system requirements, conclusions, and recommenda- 
tions derived from this partial  systems study will be  given in Section V.  
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V. SYSTEM REQUIREMENTS 

The preliminary system requirements derived from the partial systems 
study performed by the Mission Planning and Analysis Division at  MSFC a r e  a s  
follows : 

1. The system concept must consist of a combination measurement 
and predictive system. 

2. 
2500 f t  for  the takeoff corridor and approximately 2700 f t  for the landing 
corridor. 

The range requirement of the remote sensors a r e  approximately 

3. 
approximately 105 f t  for the takeoff corridor and approximately 120 f t  for  the 
ianding corridor. 

4. 

The spatial resolution requirements of the remote sensors a r e  

The velocity resolution requirement of the remote sensors is 
approximately 15 ft/s. The requirement is that velocity resolution which 
differentiates the vortex system from atmospheric winds and permits the 
spatial resolution requirement to be satisfied. 

5 .  Scan plane location requirements consist of a takeoff corridor 
scan plane and a landing corridor scan plane. Bccause of changes in the wind 
direction (changes in the takeoff/landing direction), the takeoff and landing 
scan planes must change, thus resulting in a requirement of four scan planes 
per  runway. 

6 .  The required direction of scan is in a vertical plane, perpendicular 
to the runway and with angular scans of 75 deg either side of the vertical for 
the landing corridor and 25 deg either side of the vertical for the takeoff 
corridor. 

7. The preliminary scan rate requirement is that the system must 
make periodic sequential scans of the scan plane to determine vortex location 
and transport. Naturally, the scan rate  of each scan plane will be dictated 
by the size of the scan plane and should be of such a ra te  to avoid unnecessary 
vortex information degradation. 
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8 .  The detection parameter requirement is that parameter which 
gives the location and transport of the vortex system. A t  present, this param- 
eter is thought to be the vortex system's tangential velocity. 

9. The preliminary display requirement for an ATVWS is an indicator 
of the minimum required separation time between aircraft  on landing and an 
indicator of the earliest  time the takeoff corridor will be clear of vortices, 
thus permitting the next aircraft  to takeoff safely. 

VI. CONCLUSIONS AND RECOMMENDATIONS 

The conclusions of this partial system study a r e  a s  follows: 

a. A complete system study using the Total System Simulation Model 
would yield many useful results in specifying the design and evaluation of 
designs for an ATVWS. 

b. F rom Figure 9, it can be seen that theoretically the 1/3 m diam- 
eter, 1 m base leg bistatic LDV system can more than satisfy the preliminary 
range and range resolution requirements of an ATVWS. Experiments with 
MSFC'S LDV system have shown their capability to satisfy the preliminary 
velocity resolution requirement. A bistatic LDV configuration can theoreti- 
cally be designed to satisfy the preliminary system requirements. 

c. The preliminary system requirement presented in this study can 
be used to evaluate the feasibility of employing any remote sensing instrument 
system in an ATVWS. 

A s  a result  of this partial systems study, the following recommend- 
ations a r e  presented: 

a. A complete systems study should be performed to ass i s t  in insuring 
the successful design of an ATVWS. 

b. Because of the importance of vortex system transport, a se r ies  
of experiments/flight test should be performed. These experiments should be 
designed to yield a better understanding of vortex transport a s  a function of 
a i rcraf t  and atmospheric conditions. 
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APPENDIX A. PROBABILITY OF HAZARDS IN THE AIRPORT 
V I C I N I T Y  BECAUSE OF WINGTIP VORTICES 

Present  operating procedures require a minimum separation between 
heavy aircraft  (grea te r  than 300 000 lb) and light a i rcraf t  (less than 300 000 lb) 
of 5 miles  for landings and 120 s separation for  takeoffs because of the hazards 
associated with wingtip vortices. Separation requirements between two light 
a i rcraf t  call for a minimum of 3 miles ( M  60 s) . This la t ter  minimum sepa- 
ration appears to be due more to old line practices than to  the wingtip vortex 
problem. 

The above guidelines in  addition to assuming circular  bivariate normal 
distributions (binormal distributions) for the generated vortices and the 
encountering aircraft 's  location about some mean position that coincides with 
typical real  world values will be used in this study. It is realized that the 
assumption of circular binormal distributions is a simplifying assumption 
and that the resul ts  of the study may represent a conservative estimate of the 
r ea l  hazard probability under some circumstances. However, these resul ts  
should be representative and should provide some perspective to defining the 
problem and relative risks.  

The form of the probability function [ P ( R ,  $ ) 1 for  the circular 
binormal distribution [ 301 is given by: 

where 

K = 1/2(R2 + E2 - 2RE COS $) 

and 

(X, Y) = mean location of the encountering a i rc raf t  

(X,  Y) = mean location of the vortex system a t  some time, t 
- -  
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(r) = the separation distance between the locations ( X ,  Y )  and (2,  - 
Y) a t  some time, t 

r = the hazard distance a s  defined for  a particular pair  of aircraft  
(vortex-generating and vortex-encountering aircraft)  

u = the standard deviation fo r  the distributions representing the 
aircraft  location and the vortex location. 

(A -3) 

( A  -4) 

F o r  the special case, circular function, u = (T = u . Schematically, this 

can be represenied a s  follows: 
X Y  

Y 

To analyze the probability of an aircraft/vortex encounter, two 
geometric scan planes will be selected. F o r  a takeoff situation, a scan plane 
perpendicular to the runway and located beyond the takeoff end of the runway 
will be selected a s  a representative area of concern. Similarly, for a landing 
situation, another scan plane located much far ther  from the landing end of 
the runway will be selected a s  a representative area of concern. 
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The s ize  of the takeoff "area of concern," which i s  the takeoff corr idor  
for departing aircraf t ,  is given by a scan plane 1400 ft wide, 2370 f t  high, and 
located approximately 1000 f t  beyond the end of a 10 000-ft runway (Fig.  17) .  

The s ize  of the "landing" a rea  of concern, which is the landing corr idor  
for arriving aircraf t ,  is given by a scan plan 2500 f t  wide and 2300 f t  high, 
and located approximately 15 000 f t  beyond the end of a 10 000-ft runway 
(Fig.  17 ) .  

The widths of the corr idors  a r e  used to determine the 3 (T standard 
deviations for  the binormal distributions used to describe the penetration points 
of departing and arriving a i rc raf t  in these planes. F rom Figure 17, it can 
be seen that the 3 (T standard deviation f o r  the position of a departing aircraft 's  
vortex system is approximately 700 ft. This assumes that 98.864 percent of 
a l l  departing aircraf t  penetrate the takeoff "area of concern'' on departing. 
The 700-ft, 3 (T standard deviation implies that the 1 CT standard deviation is 
approximately 233 ft. Similarly, the 1 cr standard deviation for an encounter- 
ing aircraft  on departing is also - 233 ft. The means for  the two binormal 
distributions used to describe the penetration points of the aircraf t  generating 
the vortex system (the vortex system location) and the aircraf t  encountering 
the vortex system a r e  considered to be the same a t  the time of penetration in 
the scan plane. However, since the vortex-generating aircraf t  penetrates the 
scan plane of concern a t  some time pr ior  to the encountering aircraft ,  it i s  
assumed that the mean location of the vortex system will change with t ime a s  
a function of wind conditions and vortex system settling rates .  

The mean location of the vortex-generating aircraf t  (vortex system) 
at  the time of penetration into the plane of concern along with the possible 
movement in time of the resultant vortex system (origin) is described in 
Figure A-1. F rom Figure 17, using the same arguments for landing aircraf t ,  
it can be seen that the standard deviation for the location of landing aircraf t ,  
both vortex generating and vortex encountering is approximately 416 ft .  
Again, it is assumed that the mean location of the aircraft 's  penetration point 
into the scan plane of concern is the same for both the vortex-generating and 
vortex-encountering aircraft .  

F igure  A - 2  describes the mean location of vortex systems (for  landing 
aircraft)  at  the t ime of scan plane penetration and how its mean location may 
change a s  a function of time, wind conditions, and vortex settling ra tes  
(Fig.  8) .  
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This study is performed assuming that the hazard distance (radius) 
is 150 f t .  The hazard radius is defined a s  the distance, measured from the 
center of the encountering aircraft 's  wingspan to the center of the hazardous 
vortex system, for which a vortex system can induce a maximum roll  ra te  
greater  than the roll-rate capability of the encountering aircraft  (Fig. 14) . 
This hazard distance exists for  a 747 generated vortex system with a 707 
a i rc raf t  encountering the vortex system and would be less for smaller 
encountering aircraft  even though the degree of hazard will potentially be 
greater.  

The maximum probability of a hazard condition occurrence is given by 
the product of the following probabilities: 

1. The generating aircra.ft' s vortices will be located within 150 f t  of 
the mean location of the encountering aircraft 's bivariate normal distribution; 
i. e. , the probability that the vortex system will be within a distance for 
which it can induce uncontrolled roll ra tes  on the encountering aircraft. 

2. 
location. 

The encountering aircraft  will be within 150 f t  of its assumed mean 

The product of these two probabilities yields the maximum probability 
of the hazardous vortex system and the encountering aircraf t  occupying the 
same area (hazard radius) at the same time (the requirements for a hazard 
condition). 

The probability of a hazard condition occurrence for both takeoffs and 
landings is theoretically decreased by consideration of the theoretical hazard- 
ous roll-rate contour a reas  inside the hazard radius (Fig.  14).  However, 
it must be remembered that rol l  is not the only hazard in the vicinity of 
vortices; there is also the danger of stalls. From the area consideration of 
the roll-rate contour and the stall zones inside the hazard distance, the 
probability of a hazard condition inside the hazard radius is approximately 
3.0 X 10- I. This means that the product of the two previously mentioned 
probabilities can be reduced by 3 . 0  X l o - '  and still represent a reasonable 
estimate of the probability of hazard condition occurrence. These probabil- 
ities are plotted in Figures A-3 and A-4. 

Figure A-3 is a plot of the maximum probability of a hazard condition 
occurrence (not necessarily a n  accident) in the takeoff corridor ( a t  the 
previously mentioned plane) a s  a function of separation time between aircraf t  
on takeoff for various wind conditions. I t  is assumed that the mean flight 
path angle of departing aircraft  is 12 deg. 
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Figure A-3.  Maximum probability of a hazard condition occurrence in 
the takeoff corridor a s  a function of separation time between aircraf t  

on takeoff for  various wind conditions. 
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The information in Figure A-3 implies that the vortex system is blown 
away from the mean location of the encountering aircraft 's  binormal distribu- 
tion, that the separation distance is a function of t ime, and that the probability 
of hazard condition occurrence decreases a s  the separation distance between 
the two mean locations of the binormal distribution increases. 

Figure A-4 is a s imilar  plot for the resulting probability of hazard 
condition occurrence for a i rcraf t  in the landing corridor.  Again, the resul ts  
a r e  similar because the vortex system is moved fa r ther  from the mean loca- 
tion of the penetration point into the previously mentioned scan plane ( i n  the 
landing cor r idor ) ,  and the probability f o r  a hazard condition occurrence 
decreases. 

Remember that this probability reflects only one set of a i rcraf t  types 
on takeoff o r  landing; i. e., a heavy a i rc raf t  followed by a light a i rcraf t  ( e .  g., 
747 followed by 707)  such that the hazard radius equals 150 ft. For smaller  
aircraft ,  this hazard distance will be smaller,  thus the probability of a hazard 
condition occurrence will be  different. 

It is of interest  to note that the present ra te  of hazard incidents for  
commercial a i r  operations is approximately 10 incidents per  year  for approxi- 
mately 10 million a i r  operations per  year [311. 

If the objective of the FAA/TSC is to decrease the separation time 
between departing aircraf t  o r  landing aircraf t  to approximately 30 s, then 
either (1) the aircraf t  vortex must be eliminated, ( 2 )  a new vortex monitor- 
ing and precise a i rcraf t  flying capabilities must be employed to maintain 
present safety standards, or  (3) safety standards must be reduced and hazard 
incidents wi l l  undoubtedly r i se .  

F o r  the average wind condition a t  Atlanta's Municipal Airport, - 9 mph 
a t  an angle of 45 deg to the main east-west [321 runways ( this  corresponds 
to - 9 ft/s headwind and 9 ft/s crosswind) , and for the present separation 
t imes between large aircraf t  followed by small  aircraft ,  this study predicts 
that the probability of hazard condition occurrence should be of the order  of 
1 X for  takeoffs and 1 X for landings. 

Results of this study indicate that a reduction in the separation t ime 
between aircraft  to 30 s would increase the probability of a hazard condition 
occurrence to approximately 3.7 x 
(using the assumed standard deviations of the binormal distribution) under 
moderate (10 ft/s headwind, 10 ft/s crosswind) wind conditions. 

for  takeoff and 8.7 X for  landings 
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It appears that for certain wind conditions (high crosswind components), 
thc standard separation time between aircraft  can be significantly decreased 
while maintaining a desired safety factor. In other wind conditions (moderate 
headwinds and low crosswinds), it appears that the separation time between 
a i rc raf t  (takeoffs and landings) should be increased above standard separation 
t imes to maintain a desired safety factor. 

From theoretical considerations, it appears that the probability of a 
hazard condition occurrence can be maintained a t  a safe operating level 
( -  1 X 

between departing or  arriving aircraft  if a vortex monitoring and warning 
system is employed to predict the earliest time the takeoff o r  landing corridor 
will  be clear of the preceding aircraft 's vortex system. Naturally, the accuracy 
and reliability of such a system will be dependent on the real-time information 
supplied to the system by remote sensors of such things a s  vortex locations, 
atmospheric winds, vortex transport, etc. 

while decreasing the separation time (depending on wind condition) 

The ATVWS could vary in degrees of sophistication from a totally 
.- p* n LdiCtiv2 A system emphyhg 2 minimum nGmber ef remete semC)rs (....lint! 
sensor) to a combination vortex measurement and predictive system (hybrid 
system) that would incorporate the use of several  remote sensors (vortex 
location/velocity sensor,  atmospheric wind sensor, aircraft-type sensor, 
a i rcraf t  liftoff point sensor, aircraft  touchdown point sensor, etc. ) . 

By extending the use of statistics and probability theory and using the 
distribution assumed in the preceding section of this study, the spatial resolu- 
tion required of a vortex monitoring system can be specified. 

A procedure for determining the spatial resolution required of an 
ATVWS for departing aircraft  is as follows: Assume the width of the departing 
corridor scan plane is given by Figure A-2 (1400 f t )  and the distribution of 
departing aircraft 's penetration into the scan plane is given by Figure A-1.  

Assume that a requirement for safe a i r  operations on takeoff is that 
the 3 u area of the corridor be clear of the center of the vortex system 
shown in Figure A-1.  

Figure 14 shows that the hazard radius for a Boeing 747 generated 
vortex system with a Boeing 707 encountering aircraf t  is approximately 150 f t .  
The 3 u standard deviation for the distribution describing aircraft  penetration 
points into the scan plane is assumed to be 700 f t  o r  1/2 the width of the 
specified corridor a t  that location. The 3 CT probability that the aircraft  on 
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takeoff will penetrate this scan plane is ~ 98.8640 percent. The probability 
that the 707 aircraf t  will penetrate the scan plane and be c lear  of the 747 
vortex system centered a t  the outer boundary of the 3 (T area (that i s  the 
probability the 707 will be within 550 f t  of its mean location a t  scan plane 
penetration) is  94.306 percent. 

Now, the question may be asked, "What spatial resolution is required 
of the vortex monitoring system, when the vortex system is a t  a distance of 
700 f t  from the aircraft 's  mean location, which will ensure that the probability 
of having an aircraf t  in the vicinity of the vortex system is l e s s  than - 1 x 
10-6 ??? 

The standard deviation of the distribution describing the aircraft 's  
penetration points into the scan plane cannot be altered unless accurate takeoff 
flight paths a r e  maintained by the pilots. Likewise, since it is the aircraf t ' s  
position that initially determines the location of the vortex system, the vortex 
system has a probability distribution s imilar  to the aircraft 's  distribution that 
describes its location. Since the standard deviation of the aircraft 's  location 
cannot easily be changed and thus the initial location of the vortex system 
generated by the preceding aircraf t  cannot be changed, it becomes obvious 
that a measure of the vortex's location by some remote sensing system must 
be employed to lower the standard deviation of the distribution describing the 
location of the vortex system. The 3 u standard deviation of this distribution 
that allows for a safety factor of 1 X 

sents  the spatial resolution required of a remote sensing system that could 
be  employed to improve airport  safety. 

for  a i r  operation on takeoff repre-  

The following calculations indicate that the 3 -CT standard deviation 
spatial resolution requirements on takeoffs and landings a r e  of the order  of 
105 and 120 f t ,  respectively. To ar r ive  a t  these values, we consider the 
following : 

150 FT 

. 
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Lc t 

crl = standard deviation of the distribution, D, , describing the 
location of the penetration points of the departing aircraf t  into 
the takeoff scan plane = 233 ft .  

rl = the radius of integration over Dl = 550 ft .  
- 
rl = the radius f rom the center of the reference coordinate system 

to the mean location of Dl 0 ft.  

Then 

a nd 

Using Table I given in Reference 1 

Pl(R1, 51) = P l ( 2 . 3 6 ,  0) 0.94306 . (-4-7) 

This implies the probability of the departing aircraf t  being within 550 f t  of 
the assumed mean is Pi = 0.94306 or  94.306 percent of a l l  departing aircraf t  
will penetrate the scan plane within 550 f t  of the assumed mean penetration 
point shown in Figure 4. 

The standard deviation of the probability distribution, D, , describing 
the location of the vortex system is to be determined in the following manner: 

Let 

0,  = standard deviation of the distribution D, , describing the location 
of the generated vortex system (which is the parameter  we wish 
to determine).  
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r2 = the radius of integration over D, ( s ame  area  a s  integrated over 
in D1) 550 f t .  

- 
r2 = the radius from the center of the reference coordinate system 

( f rom which I-, originates) to the mean location of D, = 700 ft. 

Then 

a nd 

It is assumed that the probability of a hazard condition P 
T 

be required to  be "= 1 X 

is given 

o r  by PT = PIP, and it is assumed that P 
T 

= 1 x = PIP, = 0.94306 P, . 
pT ( A  -10) 

Thus 

P, = 1 x 10-6 
0.94306 (A-11)  

Now 

55 0 - 
% = A = -  550 
- 700 700 ' ( A  -12) 



. 

which yields 

& = 9.786 

a nd 

By using Table I in Reference 1, it can be seen that 

(A-13) 

( A  -14) 

( A  -15) 

( A  -16) 

For the 3 cr2 standard deviation which includes 98.640 percent of a l l  
105 ft. 

120 f t .  I t  is recognized that 

cases ,  the spatial resolution required of the monitoring system is 
For landing, s imilar  calculations indicate that the required 3 u2 spatial 
resolution of a vortex monitoring system is 
this calculation has been made for a system that monitors the vortex system 
a t  the edge of the 3 cr area  and that a r ea l  system must make its measurement 
af ter  vortex generation but before the vortex system leaves the 3 CT area.  This 
means that the ATVWS must be able to predict when the vortex system center 
will c lear  the 3 CT area by considering the vortex transport  (settling ra te  and 
wind conditions) . There wil l  be uncertainties associated with vortex t ransport  
that must be added to the standard deviation of the vortex system location 
when it leaves the 3 cr area.  But, these uncertainties will be dependent upon 
the accuracy of the wind-monitoring equipment, the models for vortex t rans-  
port, and the time period over which the prediction is made. This will have 
to  be determined a s  the ATVWS components a r e  better defined. 

The resul ts  of this study indicate the need for accumulation of statist ical  
distributions describing the trajectories of a i rcraf t  on landings and takeoffs, 
and their  liftoff and touchdown points. These distributions will be influenced by 
atmospheric conditions (winds, visibility, temperature,  etc. ) which should 
be  studied. 
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APPENDIX B. THEORETICAL DEVELOPMENT OF THE AIRCRAFT1 
VORTEX INTERACTION MODULE 

The Aircraft/Vortex Interaction Module is designed to predict the rol l  
ra te  which an  aircraf t  experiences when it encounters a vortex system. I t  
calculates the resultant peak rol l  rate and indicates if the a i rcraf t  experiences 
a stall  for general  cases  where the vortex-generating and encountering aircraf t  
a r e  flying approximately in the same directions a s  occurs in the takeoff o r  
landing corridors.  The module calculates the resultant peak roll  ra te  and 
stall  o r  no-stall conditions for the encountering aircraf t  no matter how large 
the separation distance between the center of the encountering a i rc raf t  and 
the center of the vortex system (Fig.  B-1) . 

The trajectories of a i rcraf t  on takeoff and landing a s  simulated in the 
Airport  Layout Module give the initial location of the vortex flowfield ( f rom 
the Aircraft Vortex Module). This allows the relative positions of vortex 
velocity flowfields and encountering aircraf t  to be simulated a s  a function of 
time, wind conditions, and aircraf t  and aircraft-vortex geometry. Using this 
information, the component of vortex velocity perpendicular to the aircraf t  
wing can be calculated. Assume the aircraf t  velocity (encountering aircraft)  
along its flight path ( the flight paths, liftoff points, and touchdown points of 
a i rcraf t  are  variable) is  constant, V and the tangential component of the 

vortex velocity, V , is perpendicular to the encountering aircraft 's  flight 

path. This introduces some e r r o r  into the module's output if the axis of the 
vortices is not parallel to  the flight trajectory of the encountering aircraft .  
In most practical cases,  this e r r o r  is small ;  e. g., if  the vortex axis i s  not 
parallel  to the trajectory of the encountering aircraf t  by an angle 8 , then 
the e r r o r  in calculation of the vortex velocity perpendicular to the aircraf t  
wing is given by (1 .0  - cos 8 ) .  F o r  8 = 10 deg, the e r r o r  is - (1.0 - 0.9848) = 
0.0152 = 1.52 percent. Recall from aircraf t  dynamics that the incremental 
lift, 1, is given by 

ac  ' 
vv 

+ %o) 1 = qc(a a 
0 

where 

q = 1 / 2  p V = dynamic pressure  

p = a i r  density 

a c  
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o! = angle of attack for finite wing 

(See Reference 3 3 .  ) 

= coefficient of lift a t  zero  angle of attack due to flap setting 
0 

cL 

c = wing chord. 

The wing chord dimension, c , depends on the taper  ratio, X , in a linear 
fashion f o r  a straight taper wing a s  follows: 

Taper ratio, A = c /c tip root 

c + c  tip root 
2 

Average chord, = 

- 
b/2 + ( A  - 1) X 

4c m) Chord, c (x)  = 

. 

RELATIVE WIND 
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a = a  + p  
0 

Q! = constant 
0 

Assume that V 

encountering aircraft 's flight path, taking into consideration the rolling 
motion of the encountering aircraft ,  a s  a result of the tangential component 
of the vortex velocity; i. e., 

is defined a s  the actual velocity perpendicular t o  the 
V 

V = V  - R x  
V vv R 

x varies from wing tip to wing tip of the encountering aircraft, 
b/2 to -b/2. 

b = the wingspan of the encountering aircraft  

= aircraft  roll rate. RR 

Then, the lift-and-roll moments [34, 351 a r e  given by 
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The roll  moment coefficient, CR , is defined a s  

0 
R 

- - -  
'R Sbq 

s = wing surface area (encountering aircraf t ) .  

Upon substitution, the following is obtained: 

(B-10) 

(B-11) 

Assume no rol l  acceleration and no lateral  control inputs of the encountering 
aircraf t ;  then, the rolling moment coefficient is equal to zero. . 
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Setting C = 0 and solving for R then the assumed constant gives: 
R R ’  

b/2 s c(x)  C L  xdx 
vv 

b/2 b/2 V 
C(X)  a a x d x +  c(x)  a - x d x +  

-b/2 O ‘ac -b/2 0 
0 0  

-b/2 R, = 
K. b/2 C ( X )  a x2 r 0 

dx 
ac J v -b /2 

( B  -12) 

The wing span of the aircraf t  is divided into 100 equal increments, Ax , 
and the vertical  velocity component of the vortex velocity flowfield (thus, the 
incremental angle of attack) ,is calculated for  each increment. 

This equation is numerically evaluated by the Aircraft/Vortex Inter- 
- -&:-- n r - A . , l n  +n rlnfnwminn f h n n r o t i o o l l x r  tho  mayirnllm rnll rste ind11c.ed on 
i l ~ L l U 1 1  1 V l U U U L L  LW U G L G I  l l l L l l ”  L,**U”* V ” I V U L I J  ”*A- -1-u ------ ---- - --- - -.- - 
variou$ aircraf t  by vortices from other a i rcraf t  a s  a function of relative 
position of the aircraf t  and vortex system, types of a i rcraf t  (both generating 
and encountering), and age of the vortices. 

The Aircraft/Vortex Interaction Module uses  the calculation of the 
average angle of attack ac ross  the wing to serve a s  a n  indication of when the 
aircraf t  experiences a stall  caused by the vortex velocity flowfield. 

The average angle of attack across the wing is given by a! where a! 
is defined a s  follows: 

- 
a = a  + p  

0 

where 

( B -13) 

(B -14) 
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From equations (B-4) and (B-5), i t  can be seen 
angle only if the vortex velocity flowfield acts on the wing span with a signifi- 
cant vertical component. 

can approach a s ta l l  

In this module, two situations a r e  considered to represent a stall: 
stall  type 1 and stall type 2. 

Stall type 1 is defined a s  the situation where the average angle of 
attack across  the wing is grea te r  than 18 deg ( f o r  landing o r  departing 
aircraf t ) .  

Stall type 2 is defined a s  the situation where the average angle of 
attack is less  than 50  percent of the magnitude of the flight path angle for 
landing aircraft  and less than 50 percent of 5 deg + flight path angle for 
departing aircraft .  The stall  type 2 situation is to be used a s  a check on 
possible forced settling or lack of climbout due to vortex velocity flowfield. 

The following is a computer listing of the Aircraf thror tex Interaction 
Subroutine used in the Total System Simulation Model to calculate peak roll 
ra tes  and stall  or no-stall conditions. Following the subroutine a r e  two sample 
outputs of the total systems simulation: one for a DC-9 aircraf t  following a 
747 aircraft  on takeoff with simulated scan plane a t  7000 f t  down the runway, 
and the other sample output is for a DC-9 aircraf t  following a 747 aircraf t  in 
the landing corridor.  Here,  the scan plane analysis is listed for  13 000 f t  
f rom the landing end of the runway. 

Note in  the sample output scan plane analysis that roll ra te  induced on 
the encountering aircraf t  a s  a function of relative location between aircraf t  
and vortex system, t ime separation between the two aircraft ,  and atmospheric 
conditions is an output. 
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APPENDIX C. THE LASER DOPPLER VELOC IMETER VOLUME 
SCAN SIMULATION PROGRAM 

The computer program is designed to simulate the output of a single 
LDV system as  it scans a vortex system a t  various angles and ranges from 
its various positions along the corridors of interest. The output of the program 
is a i r  velocity a s  a function of observation angles, range, and system design. 

. 

The capabilities of the sensor simulation include the following: 

1. The LDV system can be located at  any position in the airport  
layout coordinate system. 

2. The LDV system can scan any desired volume in any direction. 

3 .  The tangential velocity profile of the vortex system along the line 
of sight of the LDV system can be calculated a s  a function of LDV systems 
design, range-angle of observation, sensor system location, and vortex 
velocities. 

4. The s i ze  of the LDV system's transmitting/receiving apertures 
for a focused system design can be selected. ( F o r  pulse LDV systems the 
pulse length can be selected.) 

The limitations and assumptions of this module include the following: 

1. 
flowfield signal. 

The module assumes that no wind signal is mixed with the vortex 

2.  The backscattering aerosols a r e  assumed to be constant through- 
out the vortex. 

3 .  The vortex is assumed to be approximated by a straight line. 

4. A limitation of the simulation is the assumption of an infinite 
signal-to-noise (S/N) ratio. 

The LDV system is located in the airport  layout coordinate system 
and uses a spherical coordinate system, origin a t  the sensor unit, to locate 
the LDV'S focal point and scan plane orientation. 
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t 
I FOCALPOINT- 

LDV 

I /LL>, I 
YS 

J U 

The transformation from the spherical coordinate to  the LDV's rectangular 
coordinate system is 

x -  - r s i n e  205 9 

Y = r sin 8 sin $ 

Z = r COS 8 

S S S S 

S S S S 

S S S 

The transformation and translation of the LDV'S rectangular coordinate 
system to the airport  layout reference coordinate system is 

Y 

4 
ZS 

t 
LDV UNIT 

@T+ys 
RUNWAY J 

x = x  - x  
0 S 

Y = Y  + z  
0 S 

z = z  + Y  
0 S 
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where X , Yo , Z 

port layout reference coordinate system. 

is the position coordinates of the LDV unit in the a i r -  
0 0 

The scanning bounds of the LDV system a r e  input: 

qsl  lower bound of P 
S 

upper bound of $J 
S 2  S 

. 

OSl  lower bound of 8 
S 

upper bound of 8 e s2 S 

r lower bound of r s l  S 

r upper bound of r 
s2 S 

Also, the number of divisions within each of the above intervals is 
input. 

The scanning s ta r t s  a t  the lower bound of each parameter. The 
simulated sensor first scans across  9 then moves along 8 while it con- 

tinues to scan $J and, finally, it moves along r while still scanning $J 

and 0 . For each point of the scan, the simulation computes the velocity 

Component of the vortex in the direction of the LDV unit. 

S S 

S S S 

S 

The computation of the tangential velocity component of the vortex 
system in the direction of the LDV system is accomplished first by transform- 
ing the focal point of the LDV system from the spherical system to the airport  
coordinate system. 

c 

X = X - r s i n 0  cos $J 
0 S S S 

Y =  Y i- r c o s 0  
0 S S 
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z = z -t r s i n 8  s i n $  (Fig.  C-I) 
0 S S S 

s = ts , yS , zS  ) focal point in LDVS rectangular system 
S S S 

Pi = (x , Y ) point on vortexi axis in a particular scan 
SPI SPI’ zsPi 

plane in the airport layout coordinate system 

P, = (x , Y z ) point on v o r t e 3  axis in a particular scan 
s 4  sP2’ SR 

plane in the airport  layout coordinate system - 
PiQi = direction of vortexl axis - 
P,Q, = direction of vorte3 axis. 

- __c 

In  this simulation, the vectors PiQi and PzQz a r e  taken to be unit 
vectors, but they can be chosen to be of arbi t rary length since 

and the PiQl magnitudes cancel. 

The distance, D, , from S to the vortexi axis is given by 

4 GI = OF* - os . 

The distance, D, , from S to the vor te3  axis is given by 
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4 

SP, = 0"s 

The total tangential velocity magnitude of the vortex system a t  point 
S is given by the aircraft  vortex module a s  V = V + V 

T TI Tz 

V = vortexl tangential velocity 
TI 

V = vorte? tangential velocity 
T2 

-t 

($2 X P2Q2) 

I G 2 X P z Q 2 1  

_.t 

-t 
V T 2  = VT 

-c -c - 
= VT1 + VT2 . 

v T  

-c 

The magnitude of the component of V in the direction of s"0 is T 
4 (-vT * 6) 

v =  
I GI 

The detection of the vortex velocity flowfield using the coaxial-focused 
LDV system is simulated a s  follows: The LDV does not make a point measure- 
ment. I t  effectively samples a finite volume of space along a line and conse- 
quently observes a variety of velocities depending on the inhomogenuity of the 
flowfield. The signal is the strongest from the focal point and decreases a s  
the elemental volume considered increases its distance from the focus. 
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The power contained in the radiation detector due to N particles per  
cubic centimeter is proportional to the current  squared, a s  shown in the 
following equation [ 36 1 : 

dL 
i2 = 1/4 rv2  a 2 a  R4A4N f . 

? 

where 

17 = quantum efficiency of the detector (electrons/photon) 

(T = backscattering coefficient of the particles 

a! = power level of the local oscillator 

R = radius of the transmitter lens 

A2 = transmitted light flux in photon/s 

N = effective number of identical particles/cm3 

f = nominal range of focusing 

A = optical wavelength of transmitter 

L = range from transmitter lens. 

The current squared due to an infinitesimal unit of length d L  is 

d i2 R4 
dL 
- -  - (1/4 lrq2 a2 (T A4N) 
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Let A L  = ALf/nR2; then, 

- R4 d i2 
dL ( 1/4'Fq2 a z o  A4N) 

L J 

Assume 7 ,  a ! ,  cr , A ,  N a r e  constants and let  

K, = 1/4 rq2a2cr A4N, 

then 

d l 2  

' dL 
- =  Ki  

This is proportional to the equation used in this module: 

2 

- di2 + IN = (y) dL 
R4 

where ( $  is a constant. 
0 

Therefore, the equation in this module is proportional to  the power 
in the detector because of a volume of space having an infinitesimal unit of 
length in the line of sight direction from the detector. 

In this module, only the interval ( f  - Af, f + Af) along the laser  line 
'of sight is considered: 

Af = 21 P/rR2 . 
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It is assumed that this interval provides 50 percent of the signal. 
Within this interval, a finite number of equally spaced points a r e  sampled. 
The velocity a t  each point 

a t  that point; these points are  then summed and divided by the sum of the 
weighting factors: 

is multiplied by the weighting function ( I  ) 
P T n )  N 

. 

This V function thus provides an  LDV system output which is weighted L 
according to a calculated system spatial resolution. This type weighting func- 
tion provides a data output s imilar  to that which was recorded by using the 
spectrum analyzer in the one-dimensional LDV field tes t  a t  MSFC. 

The bistatic LDV system is simulated increasing the diameter of the 
transmitter/receiving optics of the system and employing one portion of the 
optics for transmitting and another for  receiving. The distance between the 
two portions is known a s  the base leg distance of the bistatic system. 

The detection of the vortex velocity flowfield employing the coaxial 
pulsed LDV system is simulated in the following way: The transmitted pulse 
is assumed to  be a square wave. The detector is open for  the same length of 
time a s  that of the t ransmit ter ;  therefore, a pulse of length equal to the trans- 
mitted pulse enters the detector. 

The pulse length is also assumed to be short  relative to the distance 
to the volume being observed. Therefore, the detected power of an  elemental 
volume is directly proportional to the length of time its illumination passes  
into the detector. 

The power going into the detector relative to t ime is a square wave. 
But a s  a function of location of elemental volume, the curve looks like 

a b C L 
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irb" is the center of the pulse where the incoming pulse and the outgoing pulse 
coincide exactly. A t  this instant of time, "a" is the back of the outgoing pulse 
and "c" is the front of the outgoing pulse. Figure C-2 shows the outgoing and 
incoming pulses passing each other. Then, the power curve shown above is 
the weighting function (I  ) a s  in the focused cases  and V is computed the n L 
same. 

The flow chart  for  the Sensor Simulation Module of the Total System 
Simulation Model is given in Figure C-3.  
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OUTGOING PULSE -+INCOMING PULSE 

I 

a b c 
RANGE 

Figure C -2. Schematic of outgoing and incoming pulses. 
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Figure C-3. Flow chart of LDV scan simulation program. 
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